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I. MATERIALS AND METHODS 
Flakes of hBN, graphene and WSe2 were mechanically exfoliated from bulk crystals onto Si wafers 
(with 285 nm SiO2). Monolayer and bilayer WSe2 were identified using optical microscopy and 
later confirmed in photoluminescence measurements. The thicknesses of hBN flakes were 
determined with atomic force microscopy. The heterostructures were then assembled with the dry-
transfer method, using the tear-and-stack technique [1,2] to form twisted bilayer WSe2. Next, 
electrical contacts to the WSe2 and graphite gates were defined with electron-beam lithography 
and deposited through thermal evaporation (10 nm Cr+90 nm Au). Optical measurements were 
conducted in a 4 K cryostat (Montana Instruments), using a self-built confocal setup with an 0.75 
NA objective. The DOCP was measured with two polarizers in the excitation and collection paths, 
and a quarter wave plate directly above the objective. To eliminate any polarization-dependent 
instrument response, all DOCP measurements included excitation with (and collection of) both 𝜎𝜎+ 
and 𝜎𝜎− light. PL measurements were carried out using a 660 nm diode laser. A sub-picosecond 
pulsed laser (Coherent) and a streak camera (Hamamatsu) were used in the time-resolved PL 
measurements.  
 
II. EXCITON CHARACTERIZATION BASED ON DC STARK SHIFT 
Upon applying a vertical electric field, excitons experience a Stark shift given by ΔE = 𝐸𝐸𝑧𝑧 ⋅ 𝑒𝑒 ⋅ 𝑑𝑑, 
where E is the exciton energy, 𝐸𝐸𝑧𝑧 is the applied electric field, d is the (vertical) electron-hole 
separation, and e is the elementary charge. Since interlayer excitons have an out-of-plane dipole 
moment (d), unlike intralayer excitons, the two species can be distinguished through electric field 
dependent PL measurements (Fig. 2(a) and Fig. S2). In all of our devices, the higher-energy feature 
(∼ 1.7 eV) exhibits no Stark shift, and is therefore attributed to intralayer excitons. The lower-
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energy peaks, on the other hand, show a clear shift, and are therefore assigned to interlayer 
excitons.  
The interlayer excitons are expected to be momentum indirect, because their PL energy is lower 
than that of the direct intralayer exciton, even with their weaker binding energy [3]. This is further 
supported by the fact that the extracted electron-hole separation, 𝑑𝑑 = 0.37 nm (0.36 nm in 2o twist 
device), is significantly smaller than the full interlayer separation (𝑑𝑑0~0.6 nm) [3] that would be 
expected if both carriers were at the K point. It is also not consistent with the Γ-K transition, 
because the wavefunction at the Γ-point is completely delocalized between the two layers [4,5], 
causing 𝑑𝑑 ∼ 𝑑𝑑0/2. Instead, the extracted electron-hole separation is consistent with the K to Q 
transition, where the hole is localized in a single layer and the electron is partially delocalized [6]. 
 
III. SPATIAL DEPENDENCE OF DOCP IN A SAMPLE CONTAINING BOTH NATURAL 
AND TWISTED BILAYER REGIONS 
To confirm the stark contrast in DOCP between natural and twisted bilayer WSe2, we fabricate an 
hBN-encapsulated TMD heterostructure that contains both natural (180o) and twisted (∼0o) bilayer 
regions (Fig. S3(a)). The device was made from a single exfoliated WSe2 flake that had both a 
bilayer and a monolayer region, the latter of which was torn and stacked on top of itself. Integrating 
only the interlayer exciton emission (photon energies below 1.6 eV), we find that the natural 
bilayer area exhibits almost no DOCP, while the twisted region has a DOCP close to 50% almost 
everywhere, except in sporadic defect spots (Fig. S3(b)). 
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IV. FITTING OF LIFETIME DATA 
To fit the full time-dependence of the photoluminescence in the intrinsic regime, we use a 
biexponential decay convoluted with the system response, 𝑠𝑠(𝑡𝑡), as measured from the response of 
our sub-picosecond laser: 
𝑝𝑝(𝑡𝑡) = �𝐴𝐴1𝑒𝑒−𝑡𝑡/𝜏𝜏1 + 𝐴𝐴2𝑒𝑒−𝑡𝑡/𝜏𝜏2� ∗ 𝑠𝑠(𝑡𝑡 − 𝑡𝑡0).  
Here, 𝜏𝜏1 and 𝜏𝜏2 are the fast and slow decay timescales, with corresponding amplitudes 𝐴𝐴1 and 𝐴𝐴2. 
This model is used for both the co- and cross-polarized emission components (with separate fit 
parameters), and 𝑡𝑡0 accounts for the observed delay between the two. The fits are shown as dotted 
lines in Fig. 3(a), with corresponding DOCP in Fig. 3(d). 
In the n- and p-doped regimes, we focus on shorter timescales due to their shorter exciton and 
valley lifetimes, respectively. At these timescales, we only observe a single exponential decay and 
therefore fit with a linear coupled model, which also allows for extracting the valley lifetime, 𝜏𝜏v:  
?̇?𝑝co = −𝑝𝑝co𝜏𝜏1 − 𝑝𝑝co − 𝑝𝑝cross𝜏𝜏v + (1 − 𝛼𝛼) ⋅ 𝑠𝑠(𝑡𝑡),  
?̇?𝑝cross = −𝑝𝑝cross𝜏𝜏1 − 𝑝𝑝cross − 𝑝𝑝co𝜏𝜏v + 𝛼𝛼 ⋅ 𝑠𝑠(𝑡𝑡). 
Here, 𝑝𝑝co and 𝑝𝑝cross are the co- and cross-polarized exciton populations, and 𝛼𝛼 is the proportion 
of cross-polarized excitons due to imperfect excitation. In order to account for the system response, 
we use the measured laser pulse, 𝑠𝑠(𝑡𝑡), as the laser input. The fits and corresponding DOCP are 
shown with dashed lines in Fig. 3(b)-(d). This model was also used for fitting in the intrinsic regime 
at longer timescales (inset of Fig. 3(d)). 
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V. INTRA- AND INTERLAYER K-Q EXCITONS 
The wavefunction at the Q-point in twisted bilayer WSe2 is expected to be more layer delocalized 
than that at the K-point, but still not fully delocalized as in the case of natural bilayers (Fig. S6(a)). 
Hence, there are two candidate K-Q exciton species: the intralayer species, where the electron 
wavefunction is more localized in the same layer as the hole (Fig. S6(b)), and the interlayer species 
where the electron is more localized in the opposite layer (Fig. S6(c)). The intra- (inter-) layer K-
Q exciton is expected to exhibit an electron-hole separation that is smaller (greater) than 
𝑑𝑑𝑜𝑜
2
~0.3 nm. Thus, the extracted electron-hole separation of 0.37 nm in our work indicates that the 
interlayer K-Q exciton dominates in PL. In this section, we explain why this is also to be expected 
theoretically. 
Crucially, the bands are not layer degenerate in twisted bilayers, even at zero electric field. This 
important difference from natural bilayers arises from the broken inversion symmetry, and is most 
easily understood by starting from the limit of zero twist angle, i.e. AB (3R) stacking. In that case, 
the W-atoms in the top layer are vertically aligned with Se-atoms in the other layer, while the W-
atoms in the bottom layer are not. This difference in atomic environment renders the bands non-
degenerate between the two layers, as shown both theoretically (Refs. [6-8]) and experimentally 
(Ref. [9]). In particular, theoretical studies suggest that the lowest conduction band at the Q-point 
and the highest valence band at the K-point are preferentially localized in opposite layers, thus 
promoting the interlayer species. Our observations suggest that this effect is stronger than the 
difference in binding energy between the intra- and interlayer K-Q species, thus causing the 
interlayer exciton to be the lowest energy state. 
Proceeding to non-zero twist angles, the system now exhibits a smooth periodic variation between 
AB- and BA-stacked points (the moiré pattern), and at large twist angles, the wavefunctions 
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become delocalized over multiple moiré cells. Nevertheless, as shown in Refs. [10,11], the 
delocalized hole wavefunction of the highest band at the K-point is still concentrated near the 
AB(BA)-stacked sites in the bottom (top) layer. Conversely, the lowest CB Q-bands are expected 
to be preferentially concentrated near the BA(AB)-stacked sites in the bottom (top) layer. Since 
the intralayer exciton consists of an electron and hole that are concentrated in different parts of the 
sublattice, the wavefunction overlap is very small (Fig. S6(b)). In the case of interlayer excitons, 
on the other hand, the electron is predicted to be in the same domain and layer as the hole almost 
40% of the time (Fig. S6(c)) [6]. Hence, it is expected that the interlayer K-Q species has both 
higher binding energy and stronger oscillator strength than the intralayer counterpart, and is thus 
the exciton species responsible for the lower energy peaks observed in our experiment.   
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Fig. S1: Photoluminescence from additional samples. Colored (grey) curves show PL from 
bilayer (monolayer) WSe2, including additional twist angles of 0.5o, 4.5o and 5o not displayed in 
the main text. The devices with 4.5o and 5o twist angles show the same interlayer exciton blue-
shift as was presented for the 17o sample in the main text.  
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Fig. S2: Electric field dependence of PL in device with 2o twist angle. While the intralayer 
exciton (∼ 1.7 eV) does not shift observably with electric field, the interlayer excitons (∼ 1.5 −1.6 eV) exhibit a clear Stark shift (dashed white lines). The corresponding electron-hole separation 
is 0.36 nm, similar to the value extracted in the 17o device (0.37 nm). 
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Fig. S3: Spatial map of DOCP. (a) Optical image of an hBN-encapsulated heterostructure that 
contains both natural (180o, lower right) and twisted (∼0o, upper left) bilayer regions. (b) Spatial 
dependence of average interlayer exciton DOCP (photon energy below 1.6 eV). Consistent with 
PL spectra shown in the main text, the twisted bilayer region exhibits much higher DOCP than the 
natural bilayer region. 
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Fig. S4: Doping dependence of DOCP in device with 2o twist angle. (a) Polarization-resolved 
photoluminescence spectra from 2o-twisted bilayer WSe2 at gate voltages VG=-4 V (left) and VG=4 
V (right). Solid and dashed curves show co- and cross-polarized emission, respectively. (b) DOCP 
calculated from PL spectra in (a). As in the 17o device presented in the main text, the interlayer 
DOCP is much higher in the n-doped regime than in the p-doped regime. (c) Full gate dependence 
of DOCP. (d) DOCP of the brightest interlayer exciton peak as a function of gate voltage. Since 
this device exits the intrinsic regime at relatively low gate voltages, plateaus are only observed in 
the p- and n-doped regimes. 
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Fig. S5: Exciton lifetime in additional samples. (a)-(b) Time-resolved PL measurements from 
devices with 0o (a) and 5o (b) twist angles (colored dots). Dotted black lines are biexponential fits 
convoluted with the system response. The extracted fast and short timescales are 𝜏𝜏1=110 (60) ps 
and 𝜏𝜏2=2.0 (3.3) ns for the device with 0o (5o) twist angle. 
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Fig. S6. Electron (blue, Q-point) and hole (red, K-point) wavefunctions in natural and twisted 
bilayers (only the bottom layer hole wavefunction is shown for simplicity). (a) In natural 
bilayers, the wavefunction at the Q-point is completely delocalized between the layers, causing the 
inter- and intralayer K-Q exciton to be equivalent. The expected electron-hole separation is half 
the interlayer spacing (𝑑𝑑 = 𝑑𝑑0/2). (b)-(c) In twisted bilayers, the hole wavefunction is 
concentrated near the AB(BA)-stacked sites in the bottom (top) layer. In contrast, the electron 
wavefunction is preferentially concentrated near the BA(AB)-stacked sites in the bottom (top) 
layer. Thus, the electron-hole wavefunction overlap is expected to be larger for the interlayer 
exciton (c) than the intralayer exciton (b). 
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